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ABSTRACT
Context. High-mass microquasar jets propagate under the effect of the wind from the companion star, and the orbital motion of the
binary system. The stellar wind and the orbit may be dominant factors determining the jet properties beyond the binary scales.
Aims. An analytical study is performed to characterize the effects of the stellar wind and the orbital motion on the jet properties.
Methods. Accounting for the wind thrust transferred to the jet, we derive analytical estimates to characterize the jet evolution under
the impact of the stellar wind. We include the Coriolis force effect, induced by orbital motion and enhanced by the wind presence.
Large-scale evolution of the jet is sketched accounting for wind-to-jet thrust transfer, total energy conservation, and wind-jet flow
mixing.
Results. If the angle of the wind-induced jet bending is larger than its half-opening angle, the following is expected: (i) a strong
recollimation shock; (ii) bending against orbital motion, caused by Coriolis forces and enhanced by the wind presence; and (iii)
non-ballistic helical propagation further away. Even if disrupted, the jet can reaccelerate due to ambient pressure gradients, but wind
entrainment can weaken this acceleration. On large scales, the opening angle of the helical structure is determined by the wind-jet
thrust relation, and the wind-loaded jet flow can be rather slow.
Conclusions. The impact of stellar winds on high-mass microquasar jets can yield non-ballistic helical jet trajectories, jet partial
disruption and wind mixing, shocks, and possibly non-thermal emission. Among several observational diagnostics at different bands,
the radio morphology on milliarcsecond scales can be particularly insightful regarding the wind-jet interaction.
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1. Introduction
The jets of high-mass microquasars propagate through the wind
of the companion star. This wind can strongly affect the jet hy-
drodynamics within the binary and farther away. This has been
studied in a number of papers, mostly focusing on dynamics,
but sometimes also considering the potential high-energy emis-
sion from the interaction, and in some cases accounting for
wind inhomogeneities (e.g. Romero et al. 2003; Romero & Orel-
lana 2005; Perucho & Bosch-Ramon 2008; Owocki et al. 2009;
Araudo et al. 2009; Perucho et al. 2010; Perucho & Bosch-
Ramon 2012; Barkov & Khangulyan 2012; Yoon & Heinz 2015;
Yoon et al. 2016).
In addition to the role of wind thrust intercepting the jet, or-
bital motion can also have a dynamical influence on the jet on
scales larger than those of the binary, inducing a helical pattern
in the jet (e.g., see the discussion in Bosch-Ramon 2013). The
strength of this influence should be determined by the wind-jet
thrust relation: the stronger the jet bending due to wind impact is,
the closer to the binary the Coriolis force should affect jet prop-
agation. A similar effect is expected to take place in binary sys-
tems hosting a massive star and a non-accreting pulsar, in which
the stellar and the pulsar wind collide, and the shocked flows
form a strongly non-ballistic spiral structure (Bosch-Ramon &
Barkov 2011; Bosch-Ramon et al. 2012; Bednarek & Sitarek
2013; Bosch-Ramon et al. 2015; Barkov & Bosch-Ramon 2016).
Send offprint requests to: V. Bosch-Ramon, e-mail: vbosch@am.ub.es
In this work, we characterize through analytical estimates
the way the stellar wind and orbital motion affect the jet in a
high-mass microquasar. The results can be easily scaled to de-
rive conclusions for relevant sources, like for instance Cyg X-1
or Cyg X-3, two high-mass microquasars suggested to be candi-
dates of wind-jet interaction to explain observations in different
energy bands (e.g. Albert et al. 2007; Romero et al. 2010; Dubus
et al. 2010; Vilhu & Hannikainen 2013, and see also Sect. 3.3).
2. Wind-jet interaction
Let us first set the scenario in which the wind-jet interaction
problem is considered. The scenario consists of a massive star
with a strong and fast stellar wind, and a compact object, a black
hole or an accreting neutron star, from which a jet is launched.
Typical values for the mass-loss rates and wind velocities in OB
stars are M˙w ∼ 10−9 − 10−5 M yr−1 and 3w ∼ 2 × 108 cm s−1,
respectively (e.g. Muijres et al. 2012; Krticˇka 2014). Figures 1
and 2 show a sketch of the scenario studied here, with the differ-
ent ingredients, physical processes and effects, and spatial scales
discussed in this work. As seen in the figures, the location of the
star and the compact object are (0,−d, 0) and (0, 0, 0), respec-
tively. The stellar wind is assumed to be spherically symmetric,
centred in the star, and of constant velocity. The initial jet direc-
tion is the z-axis (i.e. perpendicular to the orbital plane, which
may not necessarily be the case), the y-axis goes first through
the star and then through the compact object location, and the
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Fig. 1. Sketch of the scenario studied in this work on small and mid-
dle scales; the main ingredients (star, stellar wind, jet), and physical
processes and effects (wind-jet bending, Coriolis effect-jet bending) are
shown.
x-axis direction corresponds to ex = ey × ez, pointing in the op-
posite direction to the sense of the orbit.
It has been typically considered (though not jet proven) that
persistent, low-hard state, microquasar jets are mildly relativis-
tic at most (e.g. Fender et al. 2004). Nevertheless, unlike some of
the previous studies, which assumed a non-relativistic jet (Yoon
& Heinz 2015; Yoon et al. 2016), we consider here that the jet
could have a relativistic bulk velocity. This is justified by the
fact that even modest Lorentz factors can have a significant im-
pact when computing the jet lateral momentum flux ( fjl), and
indirectly other physical quantities. It is also worth noting that
for a compact object mass of Mco ∼ 3 M, a distance of z ∼
1011 − 1012 cm means ∼ 105 − 106 RSch, RSch = 2GMco/c2 being
the Schwarzschild radius if the compact object is a black hole.
For a supermassive black hole of 108 M hosted by an active
galactic nuclei, this distance would correspond to z ∼ 1 − 10 pc,
typical scales on which the blazar emission, strongly affected
by relativistic beaming, is produced (e.g. Nalewajko et al. 2014;
Dotson et al. 2015).
The convention Qx = (Q/10x) is adopted all through the pa-
per, with Q in cgs units unless otherwise stated.
2.1. Stellar wind impact: recollimation shock
At some distance zi from the compact object, the wind momen-
tum flux can become larger than the lateral momentum flux of
the jet, and stop the jet expansion towards the star (e.g. Perucho
& Bosch-Ramon 2008).
The distance zi depends on the initial jet half-opening angle,
θj, the total stellar wind momentum rate P˙w = M˙w3w, and the jet
lateral momentum flux:
fjl = ρj(θju)2 =
Lj(θju)2
pi(θjzi)2γj(γj − 1)c2u =
Ljβj
piz2i γj(γj − 1)c
, (1)
with Lj, ρj, u, and γj being the jet power (without accounting for
its mass-rest energy), density, velocity, and Lorentz factor, and
βj = u/c. The jet lateral momentum flux can also be written as a
function of the jet total thrust,
P˙j =
Lj
c
γjβj
(γj − 1) , (2)
Fig. 2. Sketch of the scenario studied in this work on the large scales;
the main physical processes and effects (helical jet, wind-jet outflow)
are shown.
as:
fjl =
P˙j
pi z2i γ
2
j
. (3)
Before interacting, the wind propagation and jet expansion are
assumed to be supersonic and non-relativistic, whereas as men-
tioned the jet propagation can be relativistic. Given the wind and
jet geometries, the most intense wind-jet lateral interaction takes
place within the binary system, on jet scales z . d.
The value of zi can be found from wind and jet-momentum
flux balance in the ey-direction:
fjl =
P˙j
pi z2i γ
2
j
=
P˙w
4pi d2
 d2
d2 + z2i
2 . (4)
There is a restriction on Eq. (4) to obtain a physical value for zi
(see Yoon et al. 2016, for the non-relativistic case):(
4
γj
) (
P˙j
P˙w
)1/2
< 1 . (5)
If the condition given in Eq. (5) is fulfilled and the jet supersonic
expansion is stopped by the wind, the jet suffers a recollimation
shock (e.g. Komissarov & Falle 1997; Perucho & Bosch-Ramon
2008; Bromberg & Levinson 2009; Perucho et al. 2010; Yoon
et al. 2016). Otherwise, it implies that the jet is so powerful that
fjl is not balanced by the stellar wind at any point, which is the
case for jet powers:
Lj >
P˙wc2γj(γj − 1)
16u
≈ 7×1036 M˙w,−73w,8.5γj,0.3(γj,0.3 − 1)
βj
erg s−1 ,
(6)
with M˙w units being M yr−1, and normalizing M˙w and 3w to
values typical for high-mass stars.
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2.2. Stellar wind impact: jet bending
To calculate the bending angle Φ of the jet due to wind im-
pact, we introduce a non-dimensional parameter, χj, which cor-
responds to the ratio of jet-intercepting wind and jet thrusts for a
conical jet perpendicular to the orbit:
χj =
θjP˙w
4piP˙j
=
θjM˙w3w(γj − 1)c
4piγjβjLj
≈ 0.02θj,0.1M˙w,−73w,8.5(γj,0.3 − 1)
γj,0.3βjLj,37
.
(7)
The angle Φ can be then computed numerically in a self-
consistent way, i.e. accounting for jet bending. The system of
equations solved is presented in the Appendix. An approximate
solution to these equations is (see Eq. A.4):
Φ =
pi2χj
2piχj + 4χ
1/2
j + pi
2
. (8)
This approximate solution have the following asymptotical be-
haviour:
Φ =
χj; χj  1pi
2 −
√
1
χj
; χj  1. (9)
Our approach yields a similar result to the analytical solution
obtained by Yoon et al. (2016), but is more general as it is also
valid for large jet bending angles.
For bending angles Φ . θj, the wind impact will trigger a
weak recollimation shock or a sound wave in the jet, with a neg-
ligible impact on the general jet orientation and expansion. For Φ
significantly larger than θj, the wind impact can trigger a strong
recollimation shock in addition to a substantial deviation of the
jet. Bending can be thus considered relevant for the jet evolution
if Φ > θj. Since it is expected that θj  1, one can fix Φ = θj and
adopt the solution for χj  1 to obtain the following constraint
for significant jet bending:
Lj .
(γj − 1)M˙w3wc
4piγjβj
≈ 2 × 1036 M˙w,−73w,8.5(γj,0.3 − 1)
γj,0.3βj
erg s−1 .
(10)
As the jet becomes bent by the wind impact an angle Φ from
the initial jet direction and away from the star, the y-component
of the bent jet velocity can be derived as ≈ sin[Φ]u.
2.3. Stellar wind impact: orbital effects
Orbital motion affects the propagation of a bent jet through the
Coriolis effect. For small jet bending, i.e. Φ . θj, the jet expan-
sion eventually leads to a jet radius wider than the binary size,
and the helical jet pattern gradually smooths out. Otherwise, if
Φ is significantly larger than θj, the Coriolis effect should lead to
a prominent helical structure of the jet trajectory (see Fig. 2).
If the jet propagates in vacuum, the helical jet trajectory will
be ballistic. The presence of the wind however implies that: (i)
the Coriolis force can be enhanced by the wind ram pressure
in the ex-direction in the jet flow co-rotating frame; and (ii) the
shape of the helical jet on large scales is affected by the wind
presence as well, as the jet, when forced to bend to become heli-
cal, pushes against the wind. We discuss in what follows (i), and
consider (ii) in Sect. 2.4.
If situation (i) happens, then the distance yturn, covered by
the jet in the ey-direction before turning towards the ex-direction
because of the Coriolis effect, is significantly smaller than in the
ballistic case. Otherwise, the Coriolis force enhancement due to
the wind presence can be considered irrelevant.
The ballistic value of yturn is:
ybalturn =
sin[Φ]u
ωo
≈ 3 × 1014 sin[Φ]βj
ωo,−4
cm , (11)
where ωo,−4 = ωo/10−4 s is the orbital angular velocity of the
compact object, with the normalization corresponding to a pe-
riod of ∼ 1 day for a circular orbit.
The non-ballistic value of yturn can be roughly estimated as-
suming balance between the jet momentum flux, and the wind
momentum flux in the co-rotating jet flow frame, i.e. in the ex-
direction:
P˙j
2θbj(y2turn + z2)
≈ ρw32⊥ =
M˙w
4pi3w[z2 + (yturn + µ d)2]
(yturn+µ d)2ω2o ,
(12)
where θbj . Φ is the half-opening angle of the bent jet, µ =
M∗/(M∗ + Mco), with M∗ being the stellar mass, and the wind
momentum flux is computed in the ex-direction adopting the ve-
locity of the co-rotating jet flow frame, 3⊥ = (d + yturn)ωo. Note
that, as the momentum transfer takes place perpendicularly to
the bent jet initial direction, the jet thrust has been divided by
the lateral surface of the jet.
For yturn  d, Eq. (12) can be simplified to:
P˙j ≈ M˙w
θbjω
2
oy
2
turn
2pi3w
= P˙w
θbjω
2
oy
2
turn
2pi32w
. (13)
Making the additional assumption that θbj ∼ θj (see Sect. 3.2),
and using Eq. (7), one obtains:
yturn =
Aturn√
2χj
3w
ωo
≈ 2 × 1012 Aturn
χ1/2j
3w,8.5
ωo,−4
cm , (14)
where Aturn is a constant of the order of one, and accounts (as
θbj) for the details of the wind-jet interaction, which are to be
characterized through numerical simulations.
For the helical trajectory to be non-ballistic, it is required
that yturn < ybalturn. Comparing Eqs. (11) and (14), and adopting
for simplicity the approximation sin[Φ] ∼ Φ ∼ χj, the stated
condition implies:
21/2χ3/2j βj
Aturn
> 3w/c , (15)
which can be rewritten as:
Lj . 6 × 1036
θj,−1M˙w,−731/3w,8.5(γj,0.3 − 1)
γj,0.3β
1/3
j
erg s−1 . (16)
It is worth noting that, if yturn < ybalturn is fulfilled and the jet were
still supersonic when becoming helical, shocks could develop
along the non-ballistic trajectory; note that the more relativis-
tic the jet, the stronger the shocks will be (Bosch-Ramon et al.
2012).
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2.4. Stellar wind impact: large-scale evolution
The jet flow moves through a channel made of shocked wind
and shaped by jet bending plus orbital motion. When the helical
trajectory is non-ballistic, the channel forces the jet flow to de-
viate and the whole helical structure becomes tighter. When the
jet starts getting helical, the flow velocity in the ey-direction can
be estimated from:
3y ∼ yturnωo ∼ 2 × 108 Aturn
χ1/2j
3w,8.5 cm s−1  u . (17)
Such a low value for 3y implies that the fast jet flow should be
deflected towards the ez- and ex-directions. In addition, while
the jet turns, wind is also accumulated in the directions the jet
does not temporarily point to. This implies that, as the jet pushes
against the accumulated wind material in the ez-direction, the
jet flow will slow down in that direction as well. It is there-
fore expected that, unless the jet flow itself is already strongly
braked (or Φ rather small), the flow will move the fastest in the
ex-direction; i.e. azimuthally with respect to the binary orbital
axis, but in the direction opposite to the orbital motion.
It is hard to provide a more precise description of the helical
jet geometry, or the jet flow velocity, as there are several factors
that cannot be captured in the present analysis. The hydrodynam-
ics of the wind-jet interaction in the helical structure is complex
even assuming that the flows are laminar. In addition, although
the jet flow velocity is initially u, its value can be significantly
lower if severe jet disruption, and/or wind mass-loading, and/or
the formation of a thick shear layer surrounding the jet, occur.
All these three processes are related to instability development,
which is expected to happen in the present scenario: (i) strong
growth of Kelvin-Helmholtz instabilities already on the binary
scales (see Perucho & Bosch-Ramon 2008; Perucho et al. 2010;
Yoon & Heinz 2015, for numerical computations); (ii) Rayleigh-
Taylor instabilities at the wind-jet interface along the helical jet
structure (see, e.g., Monceau-Baroux et al. 2014; Ito et al. 2015).
Severe jet disruption can slow down and heat up the jet.
On the other hand, pressure decreases away from the binary,
and thus the disrupted flow will tend to accelerate. However,
strong wind-jet mixing is expected under jet disruption, which
will weaken this acceleration. Jet disruption and wind-jet mix-
ing thus affect the jet helical structure, modulating its dynamics
and homogenizing it. Unfortunately, it is not known at which
distance, or to which degree, the jet and the wind flows mix and
the whole structure homogenizes, although simulations of high-
mass binaries with a non-accreting pulsar (Bosch-Ramon et al.
2012, 2015) suggest that this might already happen after just a
few turns of the helical jet.
As explained, both the wind presence and orbital motion
tighten the jet helical trajectory, but the jet reacts exerting a force
on the surrounding wind, pushing it away from the binary. On the
other hand, whereas on binary scales the wind transfers thrust to
the jet in the ey-direction, on larger scales orbital motion redis-
tributes this thrust, and the final half-opening angle of the jet he-
lical structure should thus be ∼ Φ. As noted, the jet pushes wind
when turning, hence transferring some momentum back to the
wind, although one can consider this shocked/pushed wind sur-
rounding the helical jet as part of the same structure. Far enough
from the binary, wind-jet momentum transfer is negligible and
the boundary of the helical structure and the unshocked wind
motion become parallel (see Fig. 2), pointing radially with re-
spect to the star.
Assuming maximum wind-jet mixing, the final velocity of
the helical structure flow away from the binary can be estimated
from:
3∞ ∼
(
8piLj
ΩhelM˙w
)1/2
, (18)
where Ωhel is the solid angle subtended by the helical jet, as seen
from the star at large distances, which can be estimated using
Eq. (9) as:
Ωhel ≈
piχ2j χj  14piχ−1/2j χj  1 . (19)
Note that the case χj  1 corresponds to a bent jet pointing in
the orbital plane (the relevant angle is then pi/2 − Φ), similar to
the case of a high-mass binary hosting a non-accreting pulsar.
For the case of a relatively small Φ-value, one can write:
3∞ ∼
2θj(γj − 1)3wc
piβjγjχ
3
j
1/2 ≈ 5×108 θ1/2j,−1(γj,0.3 − 1)1/231/2w,8.5
β1/2j γ
1/2
j,0.3 χ
3/2
j
cm s−1 .
(20)
This result shows that, on the largest scales, for small bending
angles, the jet can eventually recover mildly relativistic veloci-
ties, but for moderate Φ-values, say ∼ 0.3, 3∞ is well below u.
2.5. Stellar wind impact: weak-jet case
It is worth deriving as well the conditions for the case of a weak
jet:
(i) One way is to set the bending angle to Φ & 1, which yields:
Lj .
M˙w3wcθj(γj − 1)
4piγjβj
≈ 2×1035 M˙w,−73w,8.5θj,−1(γj,0.3 − 1)
γj,0.3βj
erg s−1 .
(21)
(ii) A slightly different condition is obtained if one takes 3∞ ∼
3w, i.e.:
χj ∼
(
θj,−1(γj − 1)
γjβj3w,8.5
)1/3
& 1 (22)
yielding:
Lj . 2 × 1035
M˙w,−734/3w,8.5θ
2/3
j,−1(γj,0.3 − 1)2/3
γ2/3j,0.3β
2/3
j
erg s−1 . (23)
This second condition implies that the large-scale jet evolution
is fully dominated by the interaction with the wind and the asso-
ciated mass-load.
If the jet has less power than these critical values, it will only
affect a small volume of the binary surroundings at large dis-
tances. The termination regions of such a jet will be strongly
affected by the stellar wind dynamics, and not the other way
around (e.g. the cases studied for instance in Bosch-Ramon et al.
2011).
3. Summary and discussion
3.1. Results summary
We conclude that, if the wind-induced bending angle of the jet
is larger than its initial half-opening angle, i.e. Φ > θj, and the
conditions given in Eqs. (10) and (16) are fulfilled, the jets of
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high-mass microquasars will suffer: (i) asymmetric recollima-
tion shocks within the binary (see Eq. 6), (ii) bending away from
the star (see Eqs. 8 and 10), (iii) enhanced bending against or-
bital motion caused by the wind presence under the Coriolis ef-
fect (see Eqs. 14 and 16), finally (iv) becoming a non-ballistic
helical structure. Conclusions (i) and (ii) were already reached
by numerical relativistic (Perucho & Bosch-Ramon 2008; Peru-
cho et al. 2010; Perucho & Bosch-Ramon 2012), and numerical
and analytical non-relativistic jet studies (Yoon & Heinz 2015;
Yoon et al. 2016), although we generalize here the characteri-
zation of the jet bending angle Φ. Conclusions (iii) and (iv) are
for the first time discussed in detail here. We also propose that
the recollimation shock, jet bending within the binary, and a fur-
ther non-ballistic helical jet trajectory, lead to perturbations that
will likely trigger instability growth that will partially or totally
disrupt the jet, and can load it with wind material. These per-
turbations can also be associated to sites for particle acceleration
(see Sect. 3.3). Finally, on scales much larger than the binary, we
conclude that the jet will likely become a non-relativistic, wind-
loaded outflow, with a half-opening angle ∼ Φ (see Eq. 20). On
those scales, the helical jet pattern, and a differentiated wind-jet
structure, may be more or less washed out depending on the dis-
ruptive degree of instabilities within the binary system, and/or in
the jet helical structure further up.
3.2. Major sources of uncertainty
The values of the wind and the jet parameters, M˙w, 3w, Lj, γj, and
θj, are by themselves uncertain, as it is hard to derive them from
observations. Provided that they are known, the wind impact on
the jet can be characterized by the angle Φ, which depends on
the parameter χj. This angle can be more precisely derived from
simulations, although our prescription is consistent with numer-
ical calculations (see Yoon et al. 2016, with the caveat that these
simulations were non-relativistic). Additionally, there is the pa-
rameter θbj (see Eq. 12), whose determination particularly re-
quires simulations that have not been carried out yet. The chosen
relation θbj ∼ θj when deriving Eq. (14) is taken for illustrative
purposes, although the θbj-value may easily be larger. Therefore,
θbj is possibly the most important source of uncertainty in the
estimates derived in this work. This uncertainty ranges from a
factor to order of one, if the jet is not significantly disrupted on
the binary scales, up to an order of magnitude, for full jet disrup-
tion on the binary scales. Qualitatively, Φ and θbj are expected to
be positively correlated, but only simulations can tell how much.
Finally, despite being less uncertain than θbj, the parameter that
allows for the refinement of yturn in Eq. (14), Aturn, should be also
derived from simulations.
3.3. Observational signatures
The periphery of the binary system may be the most suitable re-
gion for particle acceleration, and gamma-ray production, being
also enough transparent to gamma rays above ∼ 10 GeV (e.g.
Khangulyan et al. 2008; Bosch-Ramon & Khangulyan 2009). In
fact, the wind-jet interaction may be the powering mechanism of
the gamma rays in the range ∼ 10−1 − 104 GeV observed from
high-mass microquasars such as Cyg X-1 and Cyg X-3 (Albert
et al. 2007; Tavani et al. 2009; Fermi LAT Collaboration et al.
2009; Sabatini et al. 2010; Malyshev et al. 2013; Bodaghee et al.
2013). The most suitable regions for particle acceleration, and
radiation, given the high stellar photon density on these scales,
would be the jet recollimation shock. Further up, under the non-
ballistic helical jet trajectory, shocks may occur and could ac-
celerate particles, although at those distances energy losses may
be dominated already by adiabatic cooling and particle escape,
given the different dependence with distance from the binary (r)
of radiative versus non-radiative losses, expected to be ∝ 1/r2
and 1/r, respectively. This effect would yield lower radiation ef-
ficiencies the farther from the binary.
Radio emission, produced where the stellar wind is already
transparent at low frequencies (e.g. Szostek & Zdziarski 2007;
Bosch-Ramon 2009), far enough from the star, could be also
detectable. A good candidate could be the region where the
jet becomes a helical non-ballistic structure and beyond, where
weak shocks and turbulence could occur leading to Fermi I and
stochastic particle acceleration (see, e.g. Rieger et al. 2007, in
the context of microquasar jets). Regarding radio signatures of
wind-jet interaction, there is evidence on milliarcsecond (mas)
scales of a sort of helical pattern in the jet of Cyg X-3 (Mio-
duszewski et al. 2001; Miller-Jones et al. 2004; Tudose et al.
2007), and possible jet bending in Cyg X-1 (Stirling et al. 2001).
Unfortunately, we can only provide with approximate quantita-
tive predictions for the jet properties of Cyg X-3 and Cyg X-1
at the onset of the helical pattern, and for the flow velocity very
far from the binary. At intermediate distances, numerical simu-
lations accounting for radiation are required to characterize the
actual aspect in radio of the helical jet flow, including the open-
ing angle and other features of the radio structures. Nevertheless,
one can still consider very approximately two extreme cases re-
garding the half-opening angle of . 1◦ of the jet of Cyg X-1
found by Stirling et al. (2001) (adopting the system inclination
of Orosz et al. 2011 for the jet): (i) at the highest end of the pos-
sible jet power range (say, up to ∼ 1038 erg s−1, Sell et al. 2015),
the jet may be powerful enough for Φ . θj ∼ 1◦, given the stellar
mass-loss rate in the source, ∼ 3 × 10−6 M yr−1 (e.g. Hutch-
ings 1976); (ii) at more moderate but possible values of the jet
power, say ∼ 1037 erg s−1, and assuming that the helical jet flow
moves vertically with speed ∼ u cos [Φ], a constraint can be de-
rived for 3y < u cos [Φ]/ tan [1◦] ≈ 5 × 108βj cos [Φ] cm s−1 on
scales of ∼ 10 mas (a de-projected linear size of ∼ 6 × 1014 cm).
This constraint on 3y may be comparable to the value derived
from Eq. (17). In fact, the wind and jet properties in Cyg X-1
and Cyg X-3 are such that the jets of these two high-mass mi-
croquasars could indeed suffer a recollimation shock within the
binary system (see the discussion in Yoon et al. 2016, and refer-
ences therein). In addition, although the relatively loose restric-
tions on jet power and wind mass-loss leave the value of Φ rather
unconstrained, their winds are powerful and thus a non-ballistic
nature for the jets seems likely. On the other hand, evidence of
the presence of these jets on arcsecond (e.g. Martí et al. 2000, in
the case of Cyg X-3), and even arcminute (e.g. Marti et al. 1996;
Gallo et al. 2005, in the case of Cyg X-1), scales implies that
they do not fit, as expected, in the category of a weak jet domi-
nated by the wind dynamics (see Eqs. 21 and 23). In any case, as
noted, the high complexity of the process calls for thorough nu-
merical studies for a proper comparison with observations, as the
jet dynamics can be strongly non-linear on the multiple scales of
interest, and the radio emitting flow may be just a part of the
whole structure.
If one links the wind and the jet properties assuming an ac-
cretion scenario (e.g. Bondi spherical accretion), and a magneti-
cally driven jet, one gets a relation between Lj and M˙w, as done
in Barkov & Khangulyan (2012). That work conclusions can be
used to tentatively predict the value of Φ. For instance, in the
case of the powerful gamma-ray binary LS 5039, which hosts a
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compact object of unknown nature (see the discussion on the na-
ture of the compact object of LS 5039 in Barkov & Khangulyan
2012, and references therein), a putative jet may reach a power
. 1036 erg s−1. For a wind mass-loss ∼ 10−7 M yr−1, this could
imply Φ ∼ 0.1, meaning that the jet will not be strongly bent.
Nevertheless, strong bending cannot be fully discarded in this
system, given the parameter uncertainties. It is noteworthy that
radio images of this source showed morphology evolution along
the orbit. This was attributed to the presence of a non-accreting
pulsar in the system (see Moldón et al. 2012), although a bent jet
affected by orbital motion cannot be discarded. In fact, a scenario
with modest accretion, jet bending plus orbital motion, and some
Doppler boosting (to reach the observed gamma-ray fluxes), may
explain this source high-energy phenomenology, and is worthy
of further study.
3.4. Future prospects
Although simulations of wind interaction with the jets of high-
mass microquasars, in the relativistic (e.g. Perucho & Bosch-
Ramon 2008; Perucho et al. 2010; Perucho & Bosch-Ramon
2012) and the non-relativistic (e.g. Yoon & Heinz 2015; Yoon
et al. 2016) regimes, have been carried out on binary scales, the
impact of orbital motion on the larger scale evolution of these
jets has not been studied yet. Here we provide with a semi-
quantitative description of such a scenario, although numerical
computations of relativistic hydrodynamics, and eventually mag-
netohydrodynamics, are required to better characterize the jet
evolution, the regions where the jet suffers significant kinetic
energy dissipation through shocks, the role on different spatial
scales of the non-linear growth of instabilities triggered at the
wind-jet interfaces (see, e.g. Bosch-Ramon et al. 2012; Lam-
berts et al. 2013; Bosch-Ramon et al. 2015, in the context of
pulsar-star wind interactions), both on jet disruption and wind-
jet mixing, etc. Finally, the magnetic field should be included
as, even in the case of low-magnetization plasmas, the field may
be amplified in some regions, becoming dynamically important,
through flow compression and braking. The magnetic field could
also play a role enhancing or suppressing instability growth, and
in radiation.
As a next step, and to check the semi-quantitative predictions
done in this work, we plan to carry out 3-dimensional, relativistic
hydrodynamical simulations including orbital motion, on scales
significantly larger than the binary. We note nevertheless that the
complexity of the flow evolution, and the different scales of in-
terest (recollimation shock location, jet bending, onset of the he-
lical jet pattern, evolution of the helical structure, etc.), make
such numerical calculations very demanding.
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Appendix A: Set of equations
The evolution of the conical jet bending angle with distance can
be described through the following set of ordinary differential
equations (ODE):
dΨ
dt = − dθdt − dφdt = − sin[Ψ]sin[φ+Ψ] βjr − 2 sin[Ψ]
2
cos[φ]
χj
r2
dφ
dt =
2 sin[Ψ]2
cos[φ]
χj
r2
dr
dt = βj cos[Ψ]
(A.1)
where
χj =
θj(γj − 1)M˙w3wc
4piβjγjL,j
, (A.2)
t and r are non-dimensional time and length in units of d/c and
d, respectively, Ψ is the angle between the direction from the
normal star and the jet velocity, and φ is the angle between the
jet velocity and the normal to the orbital plane (see Fig. 3).
We solve the set of ODE (A.1) numerically with the follow-
ing initial conditions:
Ψ(0) = pi/2
φ(0) = 0
r(0) = 1.
(A.3)
We find then an approximated formula for the asymptotic solu-
tion of the angle φ, where Φ = φ(∞):
Φ =
pi2χj
2piχj + 4χ
1/2
j + pi
2
. (A.4)
The approximated formula fits the numerical solution with an
accuracy better than 10%.
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